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Starvation on First or Second Day of Adulthood Reverses Larval-Stage Decision 
to Migrate in Beet Webworm (Lepidoptera: Pyralidae) 
Abstract 
A facultative commitment to adult migration in the larval stage can be modified again after adult 
emergence in some Lepidoptera when influenced by an appropriate environmental cue during a sensitive 
stage. This phenomenon is termed secondary regulation of migration. The sensitive stage in adult beet 
webworm, Loxostege sticticalis L. (Lepidoptera: Pyralidae), was determined experimentally by starvation 
of presumed migrant females reared from gregarious-phase larvae (induced by crowding at 10 larvae per 
650-ml jar). When presumed migrant adults were starved for 24 h on either of the first 2 d after 
emergence, the preoviposition period was shortened. In contrast, preoviposition periods were not 
significantly shortened for migrants starved on day 3 or when starvation lasted for more than 1 d after 
emergence. Because the preoviposition period corresponds to the migratory period in beet webworm, the 
results suggest that the first 2 d of adult life in the beet webworm is the sensitive stage during which 
presumed migrants can be switched to residents by an appropriate environmental cue. During the 
sensitive stage or not, starvation did not influence lifetime fecundity, oviposition period, longevity, or 
hatching rate of eggs laid by the starvation-stressed moths. Starvation on the first day also increased 
tethered flight performance and accelerated both flight muscle and ovarian development. The results 
suggest that a pulse of starvation in the sensitive period may inhibit the expected migration by 
accelerating and compressing the cycle of migratory flight muscle development and degeneration, while 
accelerating ovarian development, which is normally suppressed until after migration. 
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Behavioral Ecology
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Abstract
A facultative commitment to adult migration in the larval stage can be modified again after adult emergence 
in some Lepidoptera when influenced by an appropriate environmental cue during a sensitive stage. This 
phenomenon is termed secondary regulation of migration. The sensitive stage in adult beet webworm, Loxostege 
sticticalis L. (Lepidoptera: Pyralidae), was determined experimentally by starvation of presumed migrant females 
reared from gregarious-phase larvae (induced by crowding at 10 larvae per 650-ml jar). When presumed migrant 
adults were starved for 24 h on either of the first 2 d after emergence, the preoviposition period was shortened. In 
contrast, preoviposition periods were not significantly shortened for migrants starved on day 3 or when starvation 
lasted for more than 1 d after emergence. Because the preoviposition period corresponds to the migratory period 
in beet webworm, the results suggest that the first 2 d of adult life in the beet webworm is the sensitive stage 
during which presumed migrants can be switched to residents by an appropriate environmental cue. During the 
sensitive stage or not, starvation did not influence lifetime fecundity, oviposition period, longevity, or hatching rate 
of eggs laid by the starvation-stressed moths. Starvation on the first day also increased tethered flight performance 
and accelerated both flight muscle and ovarian development. The results suggest that a pulse of starvation in the 
sensitive period may inhibit the expected migration by accelerating and compressing the cycle of migratory flight 
muscle development and degeneration, while accelerating ovarian development, which is normally suppressed 
until after migration.
Key words:  Loxostege sticticalis, migrant, resident, starvation, sensitive stage
Migration is an important adaptive behavioral strategy that can help 
insects overcome starvation stress through displacement to food-
rich habitat (Lin and Lavine 2018, Zhang et al. 2019). For example, 
the proportion of alate aphids increases when first and second in-
stars are reared on a mature, old, or wilting host plant compared 
to seedlings and growing shoots (Johnson 1966). Low-quality food 
shifts morphometric characters of solitarious-phase desert locust, 
Schistocerca gregaria (Forskal)  (Orthoptera: Acrididae), toward 
those typical of migratory gregarious forms (Maeno and Tanaka 
2011).
In addition to the quality and quantity of food, the develop-
mental timing of nutrient intake also plays an important role in 
affecting dispersal behavior (Saastamoinen et  al. 2010). Nutrient 
uptake during the adult stage is necessary for fueling migratory 
movement in some Lepidoptera (Rudolph et al. 2006, Zhang et al. 
2006), whereas sufficient food supply during the immature stage of 
aphids and desert locusts often promotes nonmigratory, residential 
behavior (Johnson 1966, Maeno and Tanaka 2011). Most experi-
mental demonstrations of nutritional stress triggering a facultative 
increase in adult migratory behavior are based on applying the treat-
ment during the immature stage (Johnson 1966, Maeno and Tanaka 
2011). When starvation is imposed in the adult stage, the effects on 
flight performance and reproduction can become very complicated. 
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bush brown, Bicyclus anynana (Butler) (Lepidoptera: Nymphalidae), 
increased the thorax-to-abdomen mass ratio, suggesting main-
tenance of flight potential at the expense of reproduction, sup-
ported by increased flight performance in forced flight experiments 
(Saastamoinen et al. 2010). Food limitation triggered higher flight 
activity by adult Colorado potato beetles, Leptinotarsa decemline-
ata (Say) (Coleoptera: Chrysomelidae), than in beetles provided food 
(Ferro et al. 1999). Flight initiation of red flour beetles, Tribolium 
castaneum (Herbst)  (Coleoptera: Tenebrionidae), was lower when 
food was present in laboratory flight chambers than when withheld 
for a short period (Perez-Mendoza et al. 2011). Monarch butterflies, 
Danaus plexippus L. (Lepidoptera: Nymphalidae), are dependent on 
nectar resources available along their migration route to fuel their 
continuous migratory movement (Rudolph et  al. 2006). Similarly, 
withholding food for 3 d from newly eclosed female black cutworm, 
Agrotis ipsilon (Rottemberg)  (Lepidoptera: Noctuidae), negatively 
affected laboratory flight duration and propensity to undertake 
migratory flight (Sappington and Showers 1993). Such contrasting 
effects of nutritional stress in the adult stage on flight behavior de-
pends partly on species, but also on the age at which it is applied. 
The typical day of departure of a lepidopteran on a migratory flight, 
indexed by ‘adult age’ (i.e., days after emergence from the pupa), 
depends on the species (Sappington and Showers 1991, Luo et al. 
2002, Minter et  al. 2018). Likewise, it is important to assess the 
role of supplemental adult nutrition on migratory flight behavior at 
different ages, but this has rarely been tested (Zhang et al. 2008b, 
Cheng et al. 2012).
Facultative migratory behavior of insects reflects an adaptive re-
sponse to environmental cues often encountered during the imma-
ture stage (Zhang et al. 2019). However, migration can also be the 
obligate, or default, developmental track in some species, regardless 
of environmental conditions encountered by the larva (Sappington 
et  al. 1994, Dorhout et  al. 2008). In either case, there is growing 
evidence that certain environmental conditions encountered in the 
adult stage can switch would-be migrants or dispersers into residents 
(Sappington and Showers 1993, Zhang et al. 2008b, Saastamoinen 
et al. 2010). This switch mechanism in the adult stage has been termed 
secondary regulation of migration (Zhang et al. 2006, 2008b). An 
oriental armyworm, Mythimna separata (Walker)  (Lepidoptera: 
Noctuidae), larva reared under crowded conditions will develop 
into a migratory adult, but starvation experienced on the day of 
adult emergence reverses that developmental decision and the 
adult instead becomes a resident. This reversal involves hormo-
nally controlled physiological and developmental changes, includ-
ing accelerated ovarian development and flight muscle degeneration 
(Zhang et al. 2008a). Heavy rainfall or low temperature during the 
adult sensitive stage can also reverse the larval decision to migrate 
(Chen et al. 2016). Beyond the day of emergence, the sensitive stage, 
the ontogenetic developmental pathway cannot be altered in the 
oriental armyworm (Zhang et  al. 2008b). Hence, identifying and 
understanding the dynamics of the sensitive stage is critical in stud-
ying secondary regulation of migration in other insects. Secondary 
regulation probably represents a final opportunity for an adult of 
a migratory insect species to implement an alternative life history 
strategy in response to an encounter with unfavorable environ-
mental cues. However, little is known about how newly emerged 
migratory insects of other species re-allocate resources in response 
to starvation during the adult sensitive stage towards reproduction 
and residency through secondary regulation.
To adapt to different environmental conditions, some exoptery-
gotes have evolved migrant and resident dimorphisms, controlled by 
genetic or environmental factors. Examples include long-winged and 
short-winged or wingless crickets (Mole and Zera 1993, Zera et al. 
1997), alate and apterous aphids (Johnson 1966), and gregarious 
and solitary locusts (Maeno and Tanaka 2011), where the migrant 
morph has the ability to fly (or enhanced flight capacity) and has 
delayed reproductive development compared to the resident morph. 
In the endopterygota, such as lepidopterans, migrants usually are 
not morphologically distinguishable from residents. In both types 
of insects, migrants often have a well-developed flight apparatus, 
greater flight capacity, a longer preoviposition period, and/or lower 
fecundity than residents. For prereproductive migratory species, a 
longer preoviposition period facilitates physiological preparation for 
and completion of long-distance travel to new habitat for their off-
spring (Johnson 1969). Conversely, reproductive development occurs 
simultaneously with migratory flight in some species, so whether a 
short preoviposition period indicates a resident rather than a mi-
grant individual must be determined for each species (Sappington 
and Showers 1992, Zhao et al. 2009, Sappington 2018). In the case 
of some migratory species, such as the rice leaf roller, Cnaphalocrocis 
medinalis (Guenee)  (Lepidoptera: Pyralidae) (Zhang et  al. 2015), 
and beet webworm, Loxostege sticticalis L. (Lepidoptera: Pyralidae) 
(Chen et al. 2012), the length of the preoviposition period can be 
used as a general index of the migratory period and is an important 
criterion for distinguishing migrants from residents.
The beet webworm is a cosmopolitan, destructive pest of crops 
and fodder plants in the northern temperate zone from 36°N to 55°N 
(Pepper 1938, Knor et al. 1993, Luo et al. 1993). It routinely threatens 
agricultural production and ecological stability in northern China by 
periodic population outbreaks (Luo et al. 1993). Annual migration 
from the overwintering areas to crop production regions in northern 
China is one of the most important factors inducing population out-
breaks (Cheng et  al. 2012). The coordination of migratory flight 
and reproduction is an important part of the life history strategy 
in the beet webworm, in which migratory flight occurs before ovi-
position, and the probability of launching a long-distance migratory 
flight decreases rapidly after onset of oviposition (Cheng et al. 2012, 
2016). Migratory flight promotes population outbreaks by spatially 
concentrating immigrants and increasing synchrony of the onset 
of oviposition (Cheng et al. 2012). Despite the high energetic cost 
of migration, an outbreak population may have more adaptive ad-
vantages than a typical population in a non-outbreak year in many 
respects. For example, beet webworm larvae in an outbreak popu-
lation can feed on and exploit some monocotyledon species, includ-
ing even Stellera chamaejasme L. (Myrtales: Thymelaeaceae) (Chen 
2010), which is insecticidal to several Lepidoptera (Wang et  al. 
2010). Density-induced migratory morph larvae exhibited elevated 
phenoloxidase, total hemocyte count and antibacterial activity in 
the hemolymph, as well as enhanced resistance to the parasitoid 
Exorista civilis (Rondani) (Diptera: Tachinidae) (Kong et al. 2013). 
Although migratory flight may be a superior option relative to fitness 
of individual beet webworm, the benefit of the newly emerged adult 
continuing along the presumed migratory developmental pathway 
may depend on the environmental context. For example, field in-
vestigations indicate newly emerged presumed migrants in local 
populations will give up migration when they encounter extreme en-
vironmental factors, such as a temporary low temperature or heavy 
rainfall (Cheng et  al. 2013, Chen et  al. 2016). Hence, secondary 
regulation in the migrant beet webworm allows the alternative of 
switching into residents, but many aspects of the phenomenon in this 
species remain unknown.
In the laboratory, migratory adult beet webworms are usually in-
duced by rearing at high population density across the whole larval 






/ee/advance-article/doi/10.1093/ee/nvab015/6166178 by guest on 16 M
arch 2021
Environmental Entomology, 2021, Vol. XX, No. XX 3
before onset of oviposition in beet webworm. Feeding is necessary 
for both flight and reproductive development in adult beet web-
worm (Kong et al. 2010). Newly emerged adults may need 2–3 d of 
feeding to enhance the flight apparatus to support the subsequent 
long-distance flight (Feng et al. 2004, Cheng et al. 2012). Food de-
privation during the adult stage decreases lifetime fecundity (Zhang 
et  al. 2011), and food intake after migration can compensate for 
the lost energy and resource reserves during flight, which in turn 
contributes to subsequent oviposition (Song 2015). Since feeding in 
the adult stage is necessary, food deprivation may be an effective 
stimulus for detecting the sensitive stage of secondary regulation of 
migration during adulthood. In this study, we imposed different re-
gimes of starvation on presumed migrant beet webworm in an at-
tempt to identify the sensitive stage, as well as to characterize what 




Beet webworms were collected from a field population in the 
Hebei Province of China (114.45°E, 41.73°N). The insects were 
reared in the laboratory for two generations before the experi-
ment. Larvae were reared on lamb’s quarters, Chenopodium 
album L. (Caryophyllales: Chenopodiaceae), at 22°C, 75% rela-
tive humidity, and 16:8 (L:D) photoperiod. They were kept at a 
density of 10 larvae per 650-ml jar, which is the optimal density 
to yield migratory adults (Kong et al. 2010). After eclosion from 
the pupa, individual females and males were randomly paired in 
245-ml cylinders constructed with transparent plexiglass. Each 
chamber was lined with parchment paper on the inside wall and 
a piece of filter paper at the bottom. Adults were provided a 10% 
glucose solution via cotton wicks on the cage lid as food. Eggs 
were collected daily from the parchment paper, the filter paper, 
and the lids.
Starvation Experiments
Three independent experiments were conducted: sustained starva-
tion, starvation for 24 h at different ages, and starvation on the day 
of emergence only. Adult age in this study refers to the days after 
emergence from the pupa. The day of adult emergence is considered 
day 1 and adult age is 1 d, the next day is day 2 and adult age is 2 d, 
and so forth. Adult ‘starvation’ indicates no access to 10% glucose 
solution or other liquid.
Sustained Starvation
Females were starved for 1, 2, 3, 4, or 5 d beginning the day of emer-
gence (Fig. 1A). After the starvation treatment, adults were provided 
10% glucose solution through death. Adults in the control group 
were provided 10% glucose throughout life. Developmental param-
eters, including preoviposition period, oviposition period, lifetime 
fecundity, adult longevity, mating frequency, mating rate (proportion 
mated), and egg hatching rate (proportion hatched) were measured 
for both starved and control groups. The preoviposition period re-
fers to the number of days from emergence to the beginning of ovi-
position. The oviposition period refers to the number of days from 
the first to last day of oviposition, inclusive. Mating frequency was 
determined by dissecting the female abdomen after its death to count 
the number of spermatophores in the spermathecae. Data were dis-
carded for any females determined to be unmated at the end of the 
experiment.
Starvation for 24 h on Different Days
Females were starved for 24 h on day 1, day 2, or day 3 (Fig. 1B). For 
example, for the day 2 starvation treatment, 10% glucose solution 
was supplied on day 1, no 10% glucose was provided on day 2, and 
10% glucose was supplied again from day 3 until death. Females 
in the control group were provided 10% glucose throughout life. 
The same developmental parameters were measured as in the first 
experiment.
Starvation on the Day of Emergence Only
Females were starved for 24 h on day 1, then supplied 10% glu-
cose thereafter until death. Behavioral (flight activity) and mor-
phological (flight muscle dry weight, ovariole diameter) effects of 
day 1 starvation were measured on day 2, day 3, day 4, or day 5 
(Fig. 1C). Control groups of females were provided 10% glucose 
solution on all days and were measured at the same age as starved 
females.
(A) Sustained starvaon
Treatment Days aer emergence














(C) Starvaon on the first day
Treatment Days a
er emergence





Fig. 1. Tabular depiction of beet webworm adult starvation treatments 
(shaded boxes) for the three experiments: (A) sustained starvation beginning 
day 1; (B) starvation imposed for 24 h on indicated days after emergence; and 
(C) starvation on day 1 only, with effects measured on day 2, day 3, day 4, or 
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Flight activity of beet webworm females was characterized using 
a 32-channel flight mill system (Kong et al. 2010). Three parameters 
were examined: flight distance, flight velocity, and flight duration. 
Adults were attached by the dorsum of the first abdominal segment 
to the arm of the flight mill with 502 glue (Beijing Chemical Works, 
Beijing, China). Flight tests were performed in a dark room, main-
tained at 22°C and 70–75% relative humidity. Flight data for each 
female were recorded by the computer for 12 h from 19:00 through 
07:00, a period optimal for studying beet webworm flight behavior 
(Kong et al. 2013).
After the flight test, females were dissected and the thorax and 
abdomen separated and saved. The separated thorax was dried in 
an oven at 55°C for 15 h. Then, the dorsal longitudinal muscle was 
separated from the dorsal epidermis and tergosternal muscles using 
dissecting needles. The dry weight of the longitudinal muscle was 
determined with an electronic balance (XS205, Mettler Toledo, 
Switzerland) and used as a descriptor of flight muscle mass. Ovariole 
diameter was measured at its widest point near the lateral oviduct 
under a stereoscope (Leica, MZ7.5) after dissection of the ovaries 
from the abdomen. Data were discarded for any females in which no 
spermatophore was found, indicating it was unmated.
Data Analysis
All numeric values are presented as mean ± SEM. Data were tested for a 
normal distribution by the Shapiro–Wilk test before one-way analysis of 
variance (ANOVA) or t-test. Data not fitting a normal distribution were 
transformed for fit. The effects of sustained starvation and starvation 
on different days on reproductive parameters were statistically analyzed 
by one-way ANOVA followed by Tukey’s HSD test to separate mul-
tiple means. Egg hatching rate data were arcsine transformed. Mating 
rate was analyzed using Pearson’s chi-squared test. The effects of day 1 
starvation at increasing time intervals were analyzed using Independent 
Samples t-test and a General Linear Model (GLM). All statistical ana-
lyses were performed with SPSS software (SPSS 16.0).
Results
Effects of Sustained Starvation on Reproduction 
and Longevity
Sustained starvation for 1–5 d had a significant effect on preovi-
position period in presumed migrant beet webworm adults (Fig. 2) 
(F5, 152  =  7.64, P  <  0.0001). The preoviposition period decreased 
significantly for presumed migrants when starvation lasted for 
1 d (P = 0.027) and increased significantly when it lasted for 5 d 
(P = 0.035) compared to the fed controls. Starvation for 2–4 d had 
no effect. The sustained starvation period did not significantly af-
fect lifetime fecundity (F5, 152 = 1.82, P = 0.11), oviposition period 
(F5, 152 = 2.10, P = 0.07), mating frequency (F5, 152 = 0.72, P = 0.60), 
mating rate (χ 2  = 5.19, df = 5, P  = 0.39), adult longevity (female 
F5, 152 = 2.05, P = 0.07; male F5, 152 = 1.62, P = 0.15), or egg hatching 
rate (F5, 86 = 0.82, P = 0.54) (Table 1).
Effects of 24 h of Starvation at Different Ages on 
Reproduction and Longevity
Starvation of presumed migrant beet webworm adults for 24 h at 
ages ranging from 1 to 3 d significantly affected preoviposition 
period (F3, 131 = 7.65, P < 0.0001) (Fig. 3). Compared to controls, 
preoviposition period decreased significantly for adults starved 
on either day 1 or day 2 (P ≤ 0.015), but starvation at day 3 had 
no effect (P  =  0.99). Age of starvation did not significantly af-
fect lifetime fecundity (F3, 131 = 0.37, P = 0.77), oviposition period 
(F3, 131 = 1.63, P = 0.18), mating frequency (F3, 131 = 0.75, P = 0.53), 
mating rate (χ 2  = 1.94, df = 3, P  = 0.58), adult longevity (female 
F3, 131 = 2.01, P = 0.06; male F3, 131 = 1.75, P = 0.16), or egg hatching rate 
(F3, 80 = 0.39, P = 0.75) (Table 2).
Effect of Starvation on Day 1 on Flight Performance 
at Later Ages
When presumed migratory females were starved for 24 h after emer-
gence (day 1), their flight distance was significantly greater than 
Fig. 2. Effect of sustained starvation beginning at emergence from the pupa 
on preoviposition period of presumed migrant beet webworm compared to 
fed controls. Data are presented as mean + SEM. Bars sharing the same letter 
are not significantly different at the α = 0.05 level analyzed by Tukey’s HSD 
test. Sample sizes for each group (left to right): 28, 27, 25, 27, 27, and 24.















0 (Control) 244.7 ± 19.7a (28) 12.5 ± 1.3a (28) 1.1 ± 0.2a (28) 80.0a (36) 0.9 ± 0.02a (13) 21.8 ± 1.3a (28) 28.8 ± 2.1a (28)
1 281.7 ± 23.0a (27) 10.0 ± 1.1a (27) 1.0 ± 0.1a (27) 79.4a (36) 0.9 ± 0.05a (18) 21.5 ± 1.3a (27) 26.2 ± 1.8a (27)
2 298.3 ± 28.6a (25) 12.5 ± 1.1a (25) 1.2 ± 0.2a (25) 78.1a (36) 1.0 ± 0.01a (15) 23.5 ± 1.6a (25) 26.4 ± 1.9a (25)
3 238.1 ± 27.5a (27) 12.3 ± 0.9a (27) 1.2 ± 0.2a (27) 79.4a (36) 1.0 ± 0.01a (16) 25.4 ± 1.4a (27) 23.8 ± 1.7a (27)
4 211.9 ± 23.0a (27) 9.0 ± 0.7a (27) 0.8 ± 0.1a (27) 68.6a (36) 0.9 ± 0.01a (17) 20.3 ± 1.7a (27) 22.6 ± 2.2a (27)
5 221.3 ± 27.6a (24) 11.6 ± 0.9a (24) 1.1 ± 0.2a (24) 61.8a (36) 0.9 ± 0.07a (13) 19.4 ± 1.6a (24) 22.0 ± 2.5a (24)
Starvation began at emergence from the pupa. Data are presented as mean ± SEM. Numbers in parentheses are corresponding sample sizes. Means sharing the 
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controls when tested on day 4 (t = −2.74, df = 42, P = 0.009) (Fig. 4A). 
However, starved and control groups did not differ significantly when 
tested on day 2 (t = 0.44, df = 56, P = 0.92), d3 (t = −0.33, df = 56, 
P = 0.75), or day 5 (t = −0.464, df = 54, P = 0.64). Starvation on day 
1 did not significantly affect flight duration on any day tested (day 2: 
t = 0.02, df = 56, P = 0.98; day 3: t = −0.31, df = 56, P = 0.75; day 
4 t = −1.39, df = 42, P = 0.17; day 5: t = −0.08, df = 54, P = 0.94) 
(Fig. 4B). Flight velocity of females starved on day 1 was significantly 
greater than the controls on d4 (t = −2.94, df = 42, P = 0.005), but 
not on other days of testing (day 2: t = 0.74, df = 56, P = 0.46; day 3 
t = 0.04, df = 56, P = 0.96; day 5 t = −0.65, df = 54, P = 0.51) (Fig. 4C).
Effect of Starvation on Day 1 on Flight 
Muscle Weight
Flight muscle weight of females starved for 24 h on day 1 was sig-
nificantly greater than those of the control group when measured 
on day 4 (t = −2.22, df = 54, P = 0.03) or day 5 (t = −2.17, df = 55, 
P  = 0.03) after emergence. The variation of flight muscle weight 
after 24-h starvation on day 1 fits for linear regression for both the 
starved (y = 0.40 + 0.05x, r2 = 0.98, P = 0.007) and the fed control 
(y = 0.20 + 0.04x, r2 = 0.99, P = 0.004) adults. The rate of flight 
muscle weight increase in the starved group, as measured by GLM, 
was significantly greater than that of the controls (F3, 229 = 15.75, 
P = 0.005), indicating the increase in muscle weight started a day 
earlier for the starved group than the control group (Fig. 5).
Effect of Starvation on Day 1 on Ovary Development
Starvation of presumed migratory females for 24  h on day 1 of 
adulthood significantly increased developmental rate of ovaries over 
that of control migratory females (F3, 215 = 130.90, P < 0.0001). In 
the starved treatment group, ovariole diameter was significantly less 
than the control on day 2 (t = 5.21, df = 42.69, P < 0.0001), not 
significantly different on day 3 (t = −0.72, df = 52, P = 0.48) and 
day 4 (t = 0.22, df = 48, P = 0.82), and significantly greater on day 5 
(t = −2.17, df = 54, P = 0.03) (Fig. 6).
Discussion
Determination of Sensitive Stage by Sustained and 
Day-Age of Starvation
We produced presumed migratory adult beet webworms by rearing 
the larvae at a density of 10 larvae per 650-ml jar, a method verified 
for both the beet webworms and oriental armyworms (Zhang et al. 
2008a,b; Kong et al. 2010; Cheng et al. 2012, 2016). Migratory beet 
webworm females can be distinguished from residents by a longer 
preoviposition period, which is associated with better flight per-
formance (Kong et al. 2010). When presumed migrant females were 
starved for 24  h upon emergence, they oviposited earlier than fe-
males provided with glucose solution. This was evident from both 
the sustained starvation and 24-h pulse of starvation experiments, 
in which the day 1 treatments were the same. When starvation was 
sustained more than 24  h, the preoviposition period of the pre-
sumed migrants was not significantly shortened compared to the 
nonstarved controls. The sensitive period is not restricted to the first 
day after emergence, however. Starvation for 24 h of 2-d old adults, 
after feeding on day 1, also significantly decreased the preoviposition 
period of the presumed migrants. In contrast, preoviposition period 
was not influenced significantly when starvation was conducted on 
day 3. These results indicate that the first 2 d of adulthood is the 
sensitive period during which the migrant can perceive the cues ne-
cessary to modify their developmental pathway to forgo migration 
and become residents.
It is possible that sustained starvation for 5 d, which significantly 
increased the preoviposition period (Fig. 2), is a cue to prolong the 
migratory period even longer, but this seems unlikely. Instead, we 
hypothesize that the developmental stress caused by starvation for 
5 d (or presumably longer) directly inhibited normal reproductive 
development. This idea is supported by experiments by Cheng et al. 
(2012): presumed migrant females that were provided a water-only 
diet for 5 d after emergence began ovipositing earlier than the fully 
starved controls. This suggests the lack of carbohydrate on d 1 was 
enough to switch the females to residents, and that access to at least 
water allowed reproductive development to progress.
In the oriental armyworm, only the first day after emergence is 
the sensitive stage during which a presumed migrant can redirect 
Fig. 3. Effect of 24-h starvation of presumed migrant beet webworm adults at 
indicated ages on preoviposition period compared to fed controls. Data are 
presented as mean + SEM. Bars sharing the same letter are not significantly 
different at the α = 0.05 level analyzed by Tukey’s HSD test. Sample sizes for 
each group (left to right): 34, 34, 34, and 33.
Table 2. Effect of 24-h starvation of presumed migrant beet webworm adults at indicated ages on reproductive traits and longevity com-
pared to fed controls
Starvation age Fecundity Hatching rate Mating frequency Mating percentage (%) Female longevity (days) Male longevity (days)
Control 352.7 ± 21.2a(34) 0.95 ± 0.01a(19) 2.0 ± 0.2a(34) 97.1a(35) 17.1 ± 0.7a(34) 24.5 ± 1.9a(34)
1 384.0 ± 21.3a(34) 0.93 ± 0.05a(21) 2.0 ± 0.2a(34) 97.1a(35) 21.0 ± 1.1a(34) 24.2 ± 1.5a(34)
2 369.7 ± 21.1a(34) 0.95 ± 0.01a(22) 2.0 ± 0.2a(34) 97.1a(34) 20.4 ± 0.9a(34) 20.3 ± 1.2a(34)
3 368.1 ± 20.1a(33) 0.94 ± 0.02a(19) 1.7 ± 0.2a(33) 91.7a(36) 18.1 ± 0.9a(33) 22.7 ± 1.2a(33)
Data are presented as mean ± SEM. Numbers in parentheses are the corresponding sample size. Means sharing the same letter in a column are not significantly 
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its development to become a resident (Zhang et al. 2008b). When 
stressed by starvation or cold temperature during the sensitive 
period, juvenile hormone titer increases compared to fed migrants, 
the temporary suppression of reproductive development is lifted, 
and energy is diverted from migration to development of the repro-
ductive system (Zhang et al. 2008a). This regulation mechanism has 
the effect of increasing adult survival and reproductive output in a 
complex and dynamic environment. This is also the last opportunity 
for the presumed migrant to choose whether to migrate or reside 
(Zhang et  al. 2008b). Once this period has passed, the individual 
must continue to develop along the selected migratory or resident 
pathway, because of a series of irreversible physiological commit-
ments (Zera and Larsen 2001, Zhao and Zera 2002).
Besides starvation, other environmental conditions, such as long 
scotophase or low temperature, may shorten the preoviposition 
period and induce a presumed migrant to give up migration and 
reside instead (Zhang et al. 2008b, Chen et al. 2016). Different cues 
may stimulate different results during the sensitive period. For ex-
ample, 12 h of tethered flight on day 1 (but not on day 2 through 
day 5) after beet webworm emergence prolonged the preoviposition 
period of presumed migrants compared to unflown adults (Cheng 
et al. 2012). Despite differences in the effects of stressors experienced 
by adult beet webworms on the preoviposition period, sensitivity to 
the stimulus is restricted to the same short period early in adulthood, 
which is emerging as a common theme in other insects (Zhang et al. 
2008b, Guo et al. 2019). This short window allows adults, which are 
Fig. 4. Effect on tethered flight performance of starving presumed migrant 
beet webworm females on day 1 of adult life on (A) distance, (B) duration, 
and (C) velocity compared to fed controls tested on subsequent days. Data 
are presented as mean + SEM. White bars, controls; black bars, starved. 
**Significant difference between the starved and control groups within age 
at the α = 0.01 level, analyzed by two sample t-test. Sample sizes (left to right) 
of control groups: 31, 28, 22, and 29; and of starved groups: 27, 30, 22, and 27.
Fig. 5. Effect of starvation on day 1 of adult life on flight muscle weight of 
presumed migratory beet webworm females compared to fed controls tested 
on subsequent days. Data are presented as mean ± SEM. *A significant 
difference within day between starved and control adults according to two 
sample t-tests at the α = 0.05 level. Linear regression lines for the control 
(black) and starved (blue) group are plotted by different colors of line 
segments. Sample sizes (left to right) of control groups: 32, 28, 28, and 28; 
and of the starved groups: 27, 30, 22, and 27 (see online version for color 
figure). 
Fig. 6. Effect of starvation of presumed migratory 1-day-old adult beet 
webworm on ovariole diameter measured on subsequent days compared 
to fed controls. Data are presented as mean ± SEM. *A significant difference 
within day between starved and control adults according to two sample 
t-tests at the α  =  0.05 level, and **A significant difference at the α  =  0.01 
level. Linear regression lines for the control (black) and starved (blue) group 
are plotted by different colors of line segments. Sample sizes (left to right) 
of control groups: 28, 26, 24, and 28; and of the starved groups: 27, 28, 26, 
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otherwise primed to migrate, to redirect their behavioral develop-
mental pathway in response to immediate environmental conditions. 
However, this sensitive stage applies only to presumed migrants, not 
to presumed residents when exposed to the same cues during the 
same time period (Zhang et al. 2008b).
In both experiments, starvation of migrant beet webworm did 
not significantly affect fecundity, oviposition period, mating fre-
quency, mating percentage, adult longevity, or egg hatching rate. This 
differs from the effects of day 1 starvation of migrant M. separata, 
which included increased lifetime fecundity in addition to shortened 
preoviposition period (Zhang et al. 2008b). Even an extended flight 
period during the sensitive stage did not decrease the fecundity of 
migrants (Cheng et  al. 2012), which indicates that this species is 
highly conservative in maintaining reproductive output in response 
to environment variation.
Effect of Sensitive Stage Starvation on Flight
By day 4 and day 5 after 24-h starvation of newly emerged adults, 
flight muscle weight exceeded that of the fed controls. Flight per-
formance, as indicated by flight velocity and flight distance, was 
greater in the day 1 starved females than that of the fed females 
on the third day after starvation (day 4). Although an increase 
in flight musculature coincident with the switch from migrant to 
resident mode seems counterintuitive, we suggest that it arises 
from an accelerated ontogenetic pathway that must be traversed, 
or at least initiated, before reproductive development can begin. 
Cheng et al. (2012) found that migratory flight by beet webworm 
is largely confined to the period before the onset of oviposition, 
and that it is sharply curtailed after the end of the preoviposition 
period. By segregating the timing of migration and reproduction 
to different periods of adulthood, the beet webworm reduces in-
ternal competition for resources between these energy-intensive 
activities (Cheng et al. 2016). To prepare for migratory flight, mi-
grants must develop their flight muscles in advance. Beet web-
worms are capable of long-distance flight beginning on day 3 
after emergence (Cheng et al. 2012), implying that morphological 
and physiological preparation must begin in the immature stages. 
Cues in the larval stage, such as crowding, lead to an early de-
cision to migrate, ensuring enough time for these preparations. 
After migration to a new habitat, the reproductive period be-
gins, during which the flight muscles gradually break down; flight 
muscle weight deceases and flight performance decreases corres-
pondingly (Cheng et al. 2016). Hence, the temporal expression of 
flight activity and flight muscle development and histolysis, which 
are revealed by variations in flight performance and flight muscle 
weight with age, is like a parabolic curve.
In our study, we observed that development of flight capacity and 
rate of flight muscle increase were accelerated among females starved 
on the day of emergence compared to those whose migratory devel-
opment was uninterrupted. In addition, the delay in reproductive 
development in migratory females was reversed, leading to a short-
ened preoviposition period in the females starved on day 1. Together, 
this suggests that the chain of events (conceptualized as a develop-
mental parabolic curve) leading to initiation of reproduction at the 
completion of migration was shifted forward in time. Consequently, 
the period from flight muscle increase to retrogression at the end of 
the preoviposition period is expected to be compressed. Thus, we 
hypothesize that starvation on the day of emergence inhibits migra-
tion by accelerating the development and subsequent histolysis of 
supporting flight musculature. This allows an accelerated start of the 
reproductive pathway despite the migratory development track the 
adult was on initially because of the developmental decision made 
in the larval stage. Testing this hypothesis will require verifying that 
flight muscle histolysis is also accelerated by early starvation of the 
female, as we would expect given the positive correlation of hist-
olysis of flight muscle with oviposition (Cheng et al. 2016).
Flight performance of the starved females began to decrease on 
the fourth day after starvation (5 d of age), which suggests migratory 
flight may not be initiated when adults are starved in the sensitive 
period. Even if a long-distance migratory flight was launched after 
starvation in the sensitive stage, the shortened preoviposition period 
and shortened period for maintaining well-developed flight muscles 
may increase the risk of reproductive failure by restricting the time 
for completing migration to less than 2 d.  When an immigrant’s 
new habitat is not suitable for reproduction, such as during drought 
or when temperatures are too high for successful oviposition and 
egg hatch, the beet webworm typically launches another migratory 
flight, improving its chances of arriving in a more suitable environ-
ment (Cheng et al. 2013). A 2-d window for migration is probably 
too short for this process in many cases.
Effect of Sensitive Stage Starvation on 
Reproduction
Starvation for 24 h on the first day after emergence also increased 
the developmental rate of ovaries. Diameter of ovarioles in starved 
presumed migrants was significantly less than that of fed adults on 
the day (day 2) after starvation, but caught up and exceeded that 
of fed adults by the fourth day after starvation. Increased develop-
mental rate of ovaries further contributes to, or reflects, the short-
ening of the preoviposition period. Starvation on the first day age 
may depress development of ovaries in the short-term in the pre-
sumed migrant, but is swiftly attenuated by the subsequent accel-
erated developmental rate. A similar conclusion was drawn for the 
oriental armyworm, in which day 1 starvation also increased rate 
of ovarian development, which in turn decreased the preoviposi-
tion period (Zhang et al. 2008b). In contrast, this situation is very 
different from that found in the rice leaf roller, in which early age 
starvation decreased the development of ovaries and increased the 
preoviposition period (Guo et al. 2019).
A pulse of early starvation may activate a series of physio-
logical processes, in which juvenile hormone, synthesized by the 
copra allata, may be synthesized and released to the hemolymph 
stimulating ovarian development (Zhang et  al. 2008a). The accel-
erated yolk deposition associated with ovarian development may 
burden migratory flight by increasing or exceeding the load of per 
unit weight of flight muscles (Johnson 1969), or by diverting en-
ergy reserves to production of vitellogenin and other yolk proteins 
(Swevers et al. 2005). This is a very complicated process including 
a series of internal and external resource allocation activities (Zera 
and Tiebel 1989, Mole and Zera 1993, Zera 2005, Lorenz 2007). 
Besides re-purposing proteins and energy reserves from other tissues, 
food intake by adult beet webworm is another important source of 
nutrients (Zhang et al. 2011).
Taken together, the above results suggest that starvation dur-
ing the sensitive stage depressed initial development of the ovaries. 
However, that brief pulse of starvation also served as a signal to 
accelerate both flight muscle and reproductive developmental path-
ways (Fig. 7). The temporary suppression of ovarian development 
characteristic of the anticipated migratory period in response to 
larval cues was broken by a starvation cue received by the newly 
emerged adult. We hypothesize that timing of flight muscle devel-
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temporally compressed, which in turn inhibited migratory capacity 
of individuals originally on the migratory developmental track in-
duced by crowding as larvae (Fig. 7). In other words, the presumed 
migrants were switched into residents by the signal of short-term 
early starvation received as adults. The option to switch from a com-
mitment to migration and delayed reproduction to a commitment 
to residency and immediate local breeding may help the individual 
manage the risks of initiating migration under unfavorable condi-
tions upon emergence, such as a low temperature or heavy rain-
fall event (Chen et al. 2016). This is the first finding of secondary 
regulation of migration in the beet webworm. It is an important 
example illustrating that starvation (in the context of an environ-
mental stress) does not always have the effect of inducing migration 
(Johnson 1966, Boggs and Freeman 2005, Perez-Mendoza et  al. 
2011), but can also hold back migration depending on the timing 
of stress, insect species, and facultative morphs (Zhang et al. 2008b, 
Guo et al. 2019).
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